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SECTION  1 
INTRODUCTION 

This  final  report  describes  a  program  to  develop  an  instrument  capable  of 
measuring  electron  density  in  the  50  to  160  kilometer  altitude  region  and  ca¬ 
pable  of  surviving  a  60,000  "G"  shock  encountered  during  launch  from  a  cannon. 
This  report  is  in  two  parts:  The  first  describes  various  techniques  and  in¬ 
struments  capable  of  measuring  electron  density  in  this  altitude  region.  The 
second  section  describes  the  design  techniques  as  well  as  flight  results  from 
these  probes.  Both  dc  and  ac  Langmuir  probes  were  chosen  as  the  best  instru¬ 
ments  for  fulfilling  the  system  requirements. 

During  this  program,  a  sizable  effort  was  devoted  to  evaluating  components 
and  construction  techniques  in  order  to  ensure  survival  at  launches  up  to 
60,000  "G’s''.  Actual  testing  of  these  devices  was  performed  at  Aberdeen  Prov¬ 
ing  Ground,  Maryland,  by  horizontally  firing  the  equipments  from  a  5-inch  can¬ 
non  into  a  block  of  lead  and  adjusting  the  deceleration  to  conform  to  the  re¬ 
quired  "G"  levels. 

Vertical  launches  of  one  dc-probe  (BRUTUS)  and  two  ac-probes  (IRE  and 
JANUS)  were  made  during  the  May  and  June  1965  HARP  firings  at  Barbados,  British 
West  Indies.  Electron  density  profiles  were  obtained  for  the  50  to  120  kilo¬ 
meter  altitude  region.  Other  probes  have  been  built  and  are  expected  to  be 
launched  within  the  next  6-month  period. 
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SECTION  2 

THEORETICAL  CONSIDERATIONS 


2.1  THE  LOWER  IONOSPHERE 

2.1.1  General.  The  properties  of  the  atmosphere  in  the  height  range  50 

to  160  km  are  given  in  Table  1.  This  data  is  taken  from  the  1959  ARDC  Model 
Atmosphere  and  refers  only  to  the  neutral  gas.  Ihe  reduction  in  molecular 
weight  above  90  km  is  caused  by  dissociation  of  molecular  oxygen.  Recent 
rocket  measurements  of  composition'^  indicate  greater  dissociation  of  oxygen 
giving  lower  values  of  the  molecular  weight  above  90  km. 

The  atmosphere  is  only  very  slightly  ionized  in  this  low  altitude  region; 

at  160  km  the  fraction  ionized  is  about  10  ^  and  the  fraction  is  smaller  at 
lower  altitudes.  The  ionizing  radiation  above  75  km  is  mainly  solar  uv  and  x- 
radiation  augmented  at  high  latitudes  by  corpuscular  radiation.  Below  75  km 
cosmic  rays  are  believed  to  be  the  principal  ionizing  flux  in  the  normal 
ionosphere . 

The  electron  density  in  the  lower  ionosphere  shows  great  variation  from 
day  to  night  and  from  quiet  to  disturbed  conditions. 

2.1.2  D  Region.  The  principal  feature  distinguishing  the  D  region  from 

the  adjacent  regions  is  the  ratio  of  negative  ion  density  to  electron  densi  ty, 

usually  denoted  by  X.  In  the  higher  regions,  i.e.,  above  90  km  the  negative 

ion  density  is  negligible  while  in  the  atmosphere  below  50  km  the  electron  den¬ 
sity  is  negligible.  Thus  in  this  region  a  great  dynamic  range  in  both  electron 
and  negative  ion  densities  is  encountered.  Current  theories  of  the  region 


PROPERTIES  OF  THE  1959  ARDC  MODEL  ATMOSPHERE  IN  THE  D  AND  E  REGIONS  OF  THE  IONOSPHERE 
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Numbers  in  parentheses  are  powers  of  10. 


indicated  that  the  positive  ion  density  (which  must  equal  the  sum  of  electron 
and  negative  ion  densities)  is  roughly  constant  in  the  D  region. 

Available  information,  prior  to  the  start  of  this  program  on  the  electron 

density  in  the  D  region,  was  based  almost  entirely  on  rf  experiments  using 

ground-based  equipment.  The  most  important  of  these  are  (1)  propagation  of 

very  low  frequency  and  low  frequency  waves,  i.e.,  frequencies  below  300  kc/sec, 

3  -3 

which  is  the  plasma  frequency  for  an  electron  density  of  10  cm  ;  (2)  low  fre¬ 
quency  vertical  sounders  (or  radar);  (3)  partial  reflection  sounders,  i.e.,  a 
vertical  sounder  in  which  the  fr  quency  (fixed)  exceeds  the  plasma  frequency 
anywhere  in  the  region  (for  example,  2  Mc/sec);  (4)  wave  interaction  (cross¬ 
modulation);  and  (5)  cosmic  noise  absorption  (riometer). 

Each  of  these  techniques  has  its  limitations  and  a  complete  and  unambig¬ 
uous  profile  of  electron  density  is  not  obtained.  However,  such  data  does 
give  an  idea  of  the  magnitude  of  the  electron  density  and  its  variation  with 
height  and  serves  as  a  guide  to  the  design  of  experiments.  Figure  1  illus¬ 
trates  this  variation  for  a  quiet  day,  a  quiet  night  and  a  disturbed  day. 
Superimposed  on  these  general  variations  with  height,  are  important  structural 
features,  the  exact  nature  of  which  cannot  be  determined  from  ground  based  ex¬ 
periments.  However,  it  is  known,  for  example,  from  partial  reflection  sounders, 
that  certain  heights  are  preferred  while  others  are  observed  irregularly.  Ex¬ 
amples  of  quiet  daytime  profiles  obtained  recently  on  three  rocket  flights 
using  the  dc  probe  technique  are  shown  in  Figure  2.  The  variability  of  the 
profiles  is  evident.  Another  important  feature  which  shows  up  in  measurements 
of  D  region  absorption  in  temperate  latitudes,  is  that  only  when  the  quietest 

days  are  selected  there  is  a  marked  dependence  on  solar  zenith  angle. 
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Figure  1.  Electron  density  profiles,  D-region 


ELECTRON  DENSITY  PROFILES 
FOR  SOLAR  ZENITH  ANGLE  56 
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The  situation  with  respect  to  ion  density  is  somewhat  less  satisfactory. 

The  only  guide  at  present  to  numbers  to  be  expected  comes  from  theoretical 

(2) 

treatments  such  as  that  of  N'icolet  and  Aikin  who  predict,  for  a  very  quiet 

2  -3 

sun,  a  daytime  value  of  negative  ion  density  of  10  cm  at  about  75  km  in- 
3  -3 

creasing  to  10  cm  at  about  55  km.  The  most  urgent  problem  in  experimental 
studies  of  the  D  region  is  the  development  of  a  reliable  technique  for  positive 
and  negative  ion  density. 

2.1.3  E  Region.  The  electron  density  profile  in  the  daytime  E  region  is 
characterized  by  a  flat  peak  at  about  105  km,  which  gives  rise  to  the  E  layer 
echo  on  an  ionosonde.  Above  this  is  a  shallow  trough  in  which  the  electron 
density  falls  no  more  than  20  percent  below  the  E  layer  peak  value.  Above 
about  120  km  the  electron  density  then  increases  more-or-less  regularly  to 
the  upper  boundary  of  the  region,  which  is  taken  arbitrarily  as  160  km.  In 
principle,  except  for  the  trough  region  above  the  E  layer,  the  electron  den¬ 
sity  profile  could  be  obtained  by  analysis  of  an  ionosonde  record.  In  prac¬ 
tice  this  is  not  possible  due  to  the  retardation  produced  by  the  electrons  of 

the  D  region  as  the  ionosonde  signal  passes  through,  and  the  only  significant 

information  that  is  obtained  from  the  ionosonde  is  the  E  layer  critical 
frequency. 

Studies  of  the  variation  of  the  critical  frequency  show  the  strong  solar 

control  of  the  normal  daytime  E  layer  which  is  probably  the  most  regular  and 

therefore  predictable  of  the  ionosphere.  Recent  rocket  measurements  in  the 

nighttime  E  region  show  two  characteristic  differences  from  the  daytime  pro- 
(3}4) 

file.  ’  The  nighttime  E  layer  is  irregular  with  pronounced  horizontal 
stratification  and,  in  addition,  a  deep  trough  is  found  above  120  km. 
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2.2  PROPAGATION  AND  PROBE  TECHNIQUES 


The  following  techniques  were  investigated  prior  to  the  selection  of  the 
dc  probe  and  Langmuir  probe  as  the  instruments  most  suitable  for  use  in  this 
program. 


2.2.1  Propagation  Techniques. 

2. 2. 1.1  Dispersive  Doppler.  The  refractive  index  p  of  an  electron  gas 
for  a  wave  of  angular  frequency  cu  is  given  by 

o  /  2 

2  ,  ne 

l-i  =  1  -  - 2 —  * 

men 


Thus  the  medium  is  dispersive.  In  the  CW  propagation  technique  as  developed 
by  Seddon^  two  harmonically  related  frequencies  fj  and  (f 2  >  are 

transmitted  from  the  rocket  to  a  receiving  station  at  the  ground.  There  the 
lower  frequency  is  multiplied  by  the  factor  f 2/ f 1  and  mixed  with  the  higher 
frequency  to  produce  a  beat  frequency 


£b  •-£  r(l  -  n) 


where  r  is  the  radial  velocity  of  the  transmitter  from  the  receiver  site  and 
u  is  the  refractive  index  in  the  vicinity  of  the  rocket  for  the  frequency  f^ 
(the  frequency  f 2  being  great  enough  that  p  =  1  for  that  frequency).  Thus 
measurement  of  the  beat  frequency  and  additional  knowledge  of  the  trajectory 
allow  the  determination  of  p  and  hence  n  in  the  vicinity  of  the  transmitter. 


An  estimate  of  the  order  of  magnitude  of  the  beat  frequency  can  be  ob¬ 
tained  by  using  the  following  approximation  for  4: 


p  *  1 


1 

2 


(n  «  n^ ) 


where  is  the  electron  density  for  which  f^  is  the  critical  frequency.  We 
may  write  approximately 


f 


b 


In  a  typical  application  for  the  D  and  E  region 

f ^  =  12  Mc/sec  (i.e.,  =  1.8  x  10^  cm 

f^  =  72  Mc/sec 

r  =  1.5  km/sec 
-4 

Thus  f^  %  10  n  cps 

The  beat  frequency  is  thus  of  the  order  of  10  cps  at  the  peak  of  the  E  layer 
5  -3 

(n  ~  10  cm  ).  The  difficulty  of  accurately  measuring  a  small  beat  frequency 

as  the  rocket  passes  through  the  region  limits  the  technique,  as  normally  used, 

3  -3 

to  electron  densities  greater  than  about  10  cm  .  There  is,  however,  no  fun¬ 
damental  reason  why  lower  frequencies  should  not  be  used  and  the  method  used 

to  lower  electron  densities.  For  example  using  1.2  and  72  Mc/sec  the  beat  fre- 

-2  -3  .  -3 

quency  is  approximately  10  n  cm  .  Thus  an  electron  density  of  10  cm  could, 

in  principle,  be  measured.  The  upper  limit  though  would  be  given  by  the  elec- 

4  -3 

tron  density  n^,  i.e.,  1.8  x  10  cm 
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<rW”" 


The  simple  formula  for  refractive  index  given  above  must,  in  the  actual 
ionosphere,  be  modified  to  allow  for  two  important  features.  The  first  is  the 

? 

I  presence  of  the  earth's  magnetic  field  and  the  second  is  the  effect  of  colli¬ 
sions  of  electrons  with  the  neutral  gas  particles.  The  effect  of  the  magnetic 
field  is  important  all  through  the  ionosphere  but  the  effect  of  the  collisions 
is  largely  restricted  to  the  D  region.  The  actual  values  of  electron  collision 
frequency  may  be  calculated  but  is  also  obtained  experimentally  from  absorption 
measurements  as  described  below. 

2.2. 1.2  Faraday  Rotation.  The  earth's  magnetic  field  causes  the  iono¬ 
sphere  to  become  a  birefringent  medium.  Thus  a  radio  wave  travelling  through 
the  region  is  split  into  two  components  (ordinary  and  extraordinary)  which 
have  different  refractive  indices.  The  net  effect  on  a  plane  polarized  wave 
of  frequency  f  is  to  rotate  the  plane  of  polarization  at  a  rate  given  by 

X  =  2.36  x  10^  f  ^  nH  cos  6  rad/km 
dh 

where  H  cos  6  is  the  component  of  the  magnetic  field  in  gauss  along  the  direc¬ 
tion  of  propagation.  For  a  signal  transmitted  to  (or  from)  a  rocket  travelling 
vertically  with  velocity  v  the  rate  of  rotation  of  the  plane  of  polarization 
may  be  expressed  as 


aw  _  .  Q  ,A-o  n  „ 

—  -  4.8  x  10  v  —  H  cos  6  rps 

o 

Assuming  v  =  1.5  km/sec  and  H  cos  6  =  0.5  gauss 


d£ 

dt 


rps 
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Since  the  frequency  of  the  signal  must  be  greater  than  the  local  plasma  fre¬ 


quency  it  immediately  appears  that  the  rotation  to  be  measured  is  a  small  ef- 

(6) 

feet.  However,  it  has  been  successfully  used  to  measure  electron  density 
(7) 

in  the  D  region.  It  cannot  be  used  at  the  magnetic  equator  (since  cos  9-0). 

The  application  of  the  technique  requires  a  knowledge  of  the  spin  rate  of 
the  rocket.  This  can  be  obtained  with  sufficient  accuracy  only  by  including 
auxiliary  equipment,  such  as  a  magnetic  or  a  solar  aspect  sensor. 

2.2. 1.3  Absorption.  The  collision  of  electrons  with  neutral  gas  parti¬ 
cles  removes  energy  from  the  radio  wave  traversing  the  medium.  The  field 

r  n  1 

strength  at  a  height  h.  in  the  ionosphere  is  reduced  by  the  factor  exp  Kdh 

1  -  o 

due  to  absorption,  where  X  is  given  by  the  complete  magneto-ionic  theory.  In 

the  simplest  case 


K 


nv _ 

+  (CO  ±  ^H) 


2 


(:gs  units) 


where  p  is  the  refractive  index  and  (jo^(=  2rtf^)  is  the  angular  gyro-frequency, 
f  being  about  1.5  Mc/sec.  The  plus  sign  indicates  the  ordinary  component  and 
the  minus  sign  the  extraordinary  component.  The  absorption  of  the  extraordinary 
wave  is  thus  greater  than  that  of  the  ordinary  wave. 

In  many  applications  the  frequency  of  the  incident  wave  is  much  greater 
than  the  critical  frequency  in  the  region  of  interest  and  p  can  be  taken  as 
unity.  Then  the  formula  for  attenuation  S  can  be  conveniently  expressed  in 
the  form 
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dB/km  . 


4r  =  4.6  x  10^  — r 
dh  2 


v  +  (03  ±  o)H> 


The  absorption  techrique  has  been  used  in  several  variations.  The  sim¬ 
plest  form  consists  of  a  fixed  frequency  transmitter  on  the  ground  and  a  re¬ 
ceiver  on  the  rocket,  the  signal  strength  being  telemetered  back  to  the  ground. 
No  distinction  is  made  between  the  two  components  so  that,  in  effect,  the  ordi¬ 
nary  component  alone  is  measured.  An  independent  knowledge  of  the  electron 

/o\ 

collision  frequency  is  required.  Rawer  and  Argence  made  use  of  terrestrial 
broadcast  stations  and  used  a  swept-f requency  receiver  on  the  rocket.  They  ob¬ 
tained  a  daytime  profile  of  electron  density  from  70  to  87  km  by  this  technique. 

(9) 

Bowhi'll  and  Mechtly  used  a  512  cps  transmitter  in  nighttime  measurements  and 
showed  the  very  sharp  lower  boundary  of  the  D  layer  at  about  75  km.  They  were 

_3 

able  to  measure  electron  densities  down  to  about  100  cm 


2. 2. 1.4  Differential  Absorption.  The  more  sophisticated  version  of  the 
absorption  technique  distinguishes  the  two  components  and  by  measuring  them 
separately  obtain  electron  collision  frequency  as  well  as  electron  density. 

The  differential  absorption  technique  has  been  described  by  Seddon.  Using 

7.74  Mc/sec  in  a  midday  flight  differential  absorption  was  first  detected  at 
88  km  and  measured  up  to  96  km. 


The  differential  absorption  experiment  can  generally  be  combined  with  the 
Faraday  rotation  experiment  using  no  additional  equipment. 
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2.2.2  Probe  Techniques. 


2.2.2. 1  Resonance.  The  plasma  frequency  in  the  vicinity  of  a  rocket  is 
determined  in  an  ingenious  manner  in  the  rf  resonance  probe  based  on  laboratory 
studies  of  Takayama,  et  al.,^^  and  used  on  sounding  rockets  by  Hirao. 

has  been  found  that  the  dc  current  to  an  electrode  to  which  is  applied  an  rf 
signal  reaches  a  peak  when  the  frequency  equals  the  plasma  frequency.  The 
theory  of  the  technique  is  not  yet  available  but  it  appears  to  give  values  of 
electron  density  in  agreement  with  the  formula 

n  =  1.24  x  10-8  f2 

in  cm  8  when  f  is  in  cps. 

The  effect  of  electron  collisions  is  to  damp  the  resonance  peak  and  in 
practice  damping  prevents  the  use  of  the  technique  in  the  daytime  D  region 
below  95  km.  It  is  also  found  that  no  resonance  peak  can  be  obtained  with  low 
electron  densities  (as  in  the  nighttime  E  layer)  even  though  no  appreciable 
damping  is  present.  The  technique  is  thus  of  rather  limited  use  in  the  lower 
ionosphere . 

2. 2. 2. 2  Capacity.  A  measurement  of  the  capacity  of  an  electrode  system 
immersed  in  a  plasma  gives  the  dielectric  constant  and  hence  electron  density 
of  the  medium.  Numerically 

C  =  C  (1  -  8.1  x  107  n/f2) 
o 


IT 


where  Cq  is  the  capacity  in  free  space 

-3 

n  is  the  electron  density  (cm  ) 
f  is  the  frequency  of  the  applied  signal  (cps). 

(13) 

Jackson  and  Kane  used  a  dipole  antenna  as  the  electrode  system  and  a 

frequency  of  7.75  Mc/sec  and  actually  measured  the  amount  of  capacity  to  be 

7  2 

added  to  maintain  resonance  at  the  antenna.  This  is  C  -  C  =  C  (8.1  x  10  n/f  ) 

o  o 

Cq  1.35  x  10  ^n,  at  the  frequency  used.  It  was  found  that  the  electron  density 
indicated  by  the  probe  was  less  than  the  values  obtained  simultaneously  by  the 
CW  propagation  (dispersive  Doppler)  technique.  The  discrepancy  is  attributed 
to  the  formation  of  an  ion  sheath  around  the  anLenna. 

The  effect  of  electron  collision  frequency  is  to  damp  the  resonance  of 
the  antennas.  In  general  the  frequency  must  be  much  greater  than  the  gyro- 
frequency,  the  plasma. resonance  frequency  and  the  electron  collision  frequency 
if  the  simple  form  of  the  experiment  is  to  be  used.  In  the  D  region  these  re¬ 
quirements  produce  a  small  capacity  change  which  becomes  very  difficult  to 
measure.  Sayers  has  proposed  an  ingenious  variation  of  the  technique  in  which 
the  capacity  is  "modulated"  ny  varying  the  dc  potential  of  the  electrode  sys¬ 
tem.  This  system  has  not  yet  been  proved  in  a  rocket  flight  but,  using  a  fre¬ 
quency  of  40  Mc/sec  it  is  expected  to  be  able  to  measure  electron  densities  of 
-3 

100  cm  in  the  D  region. 

2. 2. 2. 3  Impedance.  The  standing-wave  impedance  probe  described  by 

(14) 

Haycock  and  Baker  measures  the  electron  density  in  terms  of  the  standing- 
wave  pattern  in  a  tapped  transmission  line  between  a  12  Mc/sec  oscillator  and 
a  dipole  antenna.  A  sawtooth  generator  is  used  to  determine  the  effect  of 

l  0 
J-O 


vehicle  potential  on  the  measurements.  Ulwick  et  al 


have  described  the 


(15) 

use  of  this  probe.  The  calculation  of  electron  density*  using  magneto- ionic 
theory*  has  been  indicated  by  Pfister  et  al^)  for  an  earlier  version  of  the 
probe  in  which  separate  measurements  were  made  at  3.0  Mc/sec  and  7.2  Mc/sec. 

The  limitations  of  this  technique  are  essentially  the  same  as  the  capac- 

k 

ity  probes  and  their  use  is  limited  to  altitudes  above  about  85  km. 

2. 2. 2.4  Langmuir  Probe.  The  use  of  a  probe  in  studying  plasmas  was 
originally  put  on  a  sound  theoretical  basis  by  Langmuir  and  his  colleagues. 
Experimentally  an  electrode  is  inserted  into  the  plasma  and  the  current  to  it 
determined  as  a  function  of  the  potential  of  the  electrode.  From  the  resulting 
current-voltage  characteristic  the  electron  energy  distribution  (electron  tem- 
peracure)  and  the  electron  density  are  obtained. 

The  theory  of  the  probe  is  based  on  an  extension  of  the  kinetic  theory  of 
gases  to  a  plasma.  For  retarding  potentials*  the  current  density  to  the  elec¬ 
trode  is  independent  of  the  shape  of  the  electrode  and  has  a  value  given  by 

j  =  j  exp(eV/kT) 
where  the  random  current  density  j  is  given  by 

i  =  ne  v/4 
Jo 

The  mean  velocity  of  the  electrons  v  is  obtained  from  kinetic  theory 

v  =  nT (8kT/jtm) 
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The  temperature  is  first  obtained  from  the  slope  of  a  plot  of  log  j 
against  V  and  j  from  the  value  at  space  potential  whence  the  electron  den¬ 
sity  may  be  computed. 

The  Langmuir  probe  has  been  more  important  in  the  measurement  of  elec¬ 
tron  temperature  rather  than  electron  density  and  its  u^e  for  this  purpose 

/ 18  \ 

has  been  described  by  Spencer  et  al.  ' 

The  use  of  the  Langmuir  probe  is  limited  to  altitudes  above  about  85  km. 
Below  that  height  the  simple  theory  indicated  above  is  invalid  for  two  rea¬ 
sons:  (1)  electron  collisions  with  the  neutral  gas  particles  cannot  be  neglec¬ 

ted,  and  (2)  negative  ions  may  be  present  in  significant  numbers. 

There  appears  to  be  no  theoretical  lower  limit  to  the  electron  density 

-3 

that  can  be  measured  and  it  appears  practical  to  measure  as  low  as  10  cm  . 

The  application  of  the  Langmuir  probe  to  the  ionosphere  is  not  completely 
understood,  however.  It  is  found,  for  example,  that  the  electron  random  cur¬ 
rent  density  is  smaller  than  that  calculated  from  the  simple  theory  by  a  fac¬ 
tor  approaching  an  order  of  magnitude.  This  factor  is  believed  to  be  an  ef¬ 
fect  of  the  earth's  magnetic  field  and  has  not  yet  been  explained. 

2. 2. 2. 5  dc  Probe.  The  current  to  an  electrode  at  constant  potential  is, 
by  Langmuir  probe  theory,  proportional  to  electron  density.  There  should  also 
be  some  dependence  on  electron  temperature  but  using  a  nose  tip  electrode  on  a 
rocket  payload  at  a  small  positive  potential  it  has  been  found  that  the  cur¬ 
rent  is  very  closely  proportional  to  electron  density  over  a  wide  height  range 

(19) 

including  both  D  and  E  regions.  No  complete  theory  for  the  probe  operated 
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in  this  way  nas  yet  been  given.  The  profiles  shown  in  Figure  2  were  obtained 


using  this  technique. 


The  dc  probe  has  almost  no  limit  to  its  height  resolution  and  has  been 
ver  effective  in  showing  up  sporadic  E- layers  and  other  fine  structure  of 
the  electron  density  profile.  It  also  has  the  considerable  advantage  of  al¬ 
most  entirely  eliminating  data  reduction;  the  telemetered  data  from  the  rocket 
is  immediately  available  as  an  electron  density  profile. 


2. 2. 2. 6  Ion  Trap.  A  suitably  biassed  grid  in  front  of  the  electrode 
allows  the  separate  measurement  of  electron  and  positive  ion  current  as  functions 
of  retarding  potential.  This  is  of  great  significance  in  the  lower  ionosphere, 
particularly  in  the  D  region,  where  it  cannot  be  assumed  that  the  negative  ion 
density  is  negligible,  a  point  of  importance  in  theories  of  the  region. 


The  ion  trap  may  be  spherical  as  used  by  Gringauz  and  his  co-workers 
(22) 


(20,21) 


and  by  Sagalyn  et  al  or  it  may  be  planar.  Examples  of  the  planar  type  have 

/ oo \  / o /  \  / nc  \ 

been  described  by  Bourdeau  aid  Donley,  '  McKibbin^  and  Hinterreger. 

In  some  of  these  ion  traps  an  additional  grid  is  biassed  to  suppress  photoemis¬ 
sion  from  the  surface  of  the  collecting  electrode. 


The  spherical  and  planar  ion  traps  are  equivalent  in  theory  and  the  selec¬ 
tion  of  one  type  against  another  is  largely  made  on  practical  grounds.  The 
spherical  trap  is  independent  of  aspect  while  the  planar  trap  requires  a  sep¬ 
arate  knowledge  of  aspect  angle.  The  planar  traps  are  generally  easier  to  con¬ 
struct,  particularly  when  more  than  one  grid  is  used. 


The  ion  trap,  either  p’anar  or  spherical,  may  be  mounted  on  the  body  of 
the  vehicle  or  at  the  end  of  a  boom.  The  latter  is  the  preferred  mounting  as 


it  allows  the  trap  to  be  placed  outside  the  ion  sheath  of  the  vehicle  and  the 
potential  of  the  outer  grid  may  be  swept  through  space  potential. 


The  use  of  ion  traps  in  the  D  region  requires  careful  study.  The  rela¬ 
tively  high  gas  density  and  high  velocity  of  the  vehicle  produce  an  aerodynamic 
disturbance  which  may  profoundly  affect  the  collection  of  ions  and  electrons. 

It  is  expected,  however,  that  these  problems  will  be  overcome  and  the  trap  used 
in  the  D  region. 


2.  2.  2- 7  Conductivity.  Ion  density  can  be  obtained  immediately  from  a 
measurement  of  electrical  conductivity  cr.  The  kinetic  theory  of  ionized  gases 
leads  to  the  simple  formula 


=  1  n£ 

2  mv 


where  v  is  the  ion-neutral  collision  frequency  (which  may  be  obtained  with 
adequate  accuracy  by  assuming  an  atmospheric  model  such  as  the  1959  ARDC  at¬ 
mosphere). 


The  technique  used  below  the  ionosphere  where  free  electrons  are  negligible 
xs  to  measure  the  current  flowing  between  concentric  cylinders  (known  as  a 
Gerdien  condenser)  when  a  small  potential  is  applied  and  the  air  is  moving 
through  the  condenser  at  sufficient  velocity.  If  the  velocity  is  not  sufficient 
or  the  potential  too  great  the  ion  density  of  the  air  is  reduced  and  ultimately 
all  ions  are  removed  from  the  condenser.  In  this  case  the  device  becomes  an  ion 
counter  and  the  current  is  given  by  the  rate  at  which  ions  enter;  thus 

i  =  ne  v  A 


where  v  is  the  air  velocity  and  A  the  cross  sectional  area.  This  is  exactly 
the  formula  for  the  current  to  an  ion  trap  and  indicates  the  equivalence  of 
the  two  techniques.  The  Gerdien  condenser  can  be  regarded  as  the  low  atmos¬ 
phere  equivalent  of  the  Langmuir  probe  since  in  eacn  the  current  flowing  to 
the  electrode  depend?  on  the  potential.  The  technique  has  been  widely  used 
on  the  ground,  carried  on  airplanes  and  on  balloons  up  to  altitudes  of  30  km. 

The  same  technique  has  been  used  with  some  success  by  Bourdeau  et  al,  '  who 
mounted  two  Gerdien  condensers  (one  each  for  positive  and  negative  ions)  on  the 
nose  of  a  rocket  and  measured  polar  conductivities  up  to  80  km. 

2.3  COMPARISON  OF  TECHNIQUES 

The  dispersive  Doppler  technique  has  proved  its  value  for  altitudes 

3  -3 

above  about  80  km  and  for  electron  densities  greater  than  10  cm  in  many 
daytime  flights  in  the  lower  ionosphere.  The  experiment  is  soundly  based  on 
magneto-ionic  theory.  In  common  with  other  propagation  techniques,  it  fails 
under  certain  conditions.  In  a  rapidly  varying  environment  such  as  occurs 
during  auroral  disturbances  a  change  of  electron  concentration  at  any  point 
along  the  propagation  path  affects  the  received  signal  and  cannot  be  distinguished 
from  a  spatial  variation  at  the  rocket.  The  propagation  experiments  are  also 
s  ubject  to  interference  from  other  transmitters  and  from  signals  reflected  by 
the  ionospheric  layers. 

A  probe  technique  must  necessarily  be  used  when  the  environment  is  changing 
rapidly  but  may  also  be  used  effectively  under  quiet  conditions.  The  probe 
techniques  are  more  susceptible  to  interference  arising  from  the  vehicle  itself 
than  are  the  propagation  techniques.  Potentially  important  are  the  following 
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sources  of  disturbance:  (1)  escaping  gas  and  surface  outgassing,  tending  to 
dilute  the  plasma,  (2)  ionization  by  rf  breakdown,  increasing  the  electron 
density,  (3)  absorption  of  rf  energy,  increasing  the  electron  temperature, 

(4)  rectification  at  the  antennas,  modifying  the  vehicle  potential,  (5)  photo¬ 
emission  from  the  surface  of  the  vehicle  and  the  probe,  and  (6)  magnetic  fields 
(including  geomagnetic  field)  modifying  the  motion  of  electrons. 

These  sources  of  disturbance  can  be  made  negligible  in  the  design  of  the 
experiment  or  a  correction  made  to  the  theory  of  the  probe.  The  most  important 
effects,  in  practice,  are  those  caused,  under  certain  conditions,  by  on-board 
transmitters.  It  has  been  found  that  rf  breakdown  at  the  antennas  (as  indi¬ 
cated  by  a  reduction  in  radiated  power)  resulted  in  suppression  of  the  current 

(27) 

in  a  langmuir  probe  experiment.  This  was  avoided  in  later  flights  by  re¬ 

ducing  the  transmitted  power,  at  least  in  the  D  region.  This  points  up  the 
importance  of  testing  the  payload  in  an  environmental  chamber  at  pressures 
which  simulate  the  atmosphere  up  to  90  km. 

The  selection  of  a  probe  technique  or  combination  of  techniques  must 
ultimately  be  made  on  the  basis  of  detailed  consideration  of  the  application. 
First,  however,  they  may  be  considered  by  region  in  which  the  technique  is 
used.  The  techniques  quoted  in  Section  3  are  assigned  potential  use  in  either 
the  D  region  or  the  E  region  in  Tabie  2.  These  have  been  considered  separately 
because  of  the  basic  difference  between  the  two  regions.  Three  techniques  are 
indicated  as  "possible"  as  their  ability  to  measure  low  electron  densities  in 
the  D  region  has  yet  to  be  demonstrated,  although  there  is  no  theoretical  re¬ 
striction  on  their  use. 
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TABLE  2 


D  AND  E  REGION  TECHNIQUES  FOR  ELECTRON  DENSITY 

D  Region  E  Region 


Propagation  Techniques 

Dispersive  Doppler 

Possible 

Yes 

Faraday  Rotation 

Yes 

Yes 

Absorption 

Yes 

No 

Differential  Absorption 

Yes 

No 

Probe  Techniques 

Resonance 

No 

Yes 

Capacity 

Possible 

Yes 

Impedance 

Possible 

Yes 

Langmuir  Probe 

No 

Yes 

dc  Probe 

Yes 

Yes 

Possible  Yes 


Ion  Trap 


Three  propagation  techniques  and  two  probe  techniques  have  demonstrated 
the  ability  to  obtain  a  D  region  profile  and  of  these,  one  propagation  experi- 

) 

i  ment  and  both  probe  techniques  are  also  useful  in  the  E  region.  When  propaga¬ 
tion  techniques  are  excluded  as  must  be  the  case  in  a  rapidly  changing  ionosphere 
the  techniques  suitable  for  both  D  and  E  region  are  dc  probe  and  the  ion  trap. 

The  capacity  and  impedance  probes  are  considered  as  possibilities  for  measure¬ 
ment  in  the  combined  regions  though  some  development  of  the  techniques  is  neces¬ 
sary  before  the  adaptation  to  the  gun  probe  can  be  considered. 

The  simplest  technique  from  the  point  of  view  of  instrumental  complexity 
is  undoubtedly  the  dc  probe,  consisting  only  of  an  electrode  and  an  electrometer. 
The  addition  of  a  sweep  generator  between  the  electrode  and  the  electrometer  con¬ 
verts  the  instrument  to  a  Langmuir  probe. 

The  use  of  a  Langmuir  probe  in  studying  plasmas  is  performed  experimentally 
by  inserting  an  electrode  into  the  plasma  and  determining  the  current  to  it  as 
a  function  of  the  potential  of  the  electrode.  From  the  resulting  current-voltage 
characteristic  the  electron  energy  distribution  and  the  electron  density  may 
be  obtained  if  certain  restrictions  are  adhered  to. 

(1)  The  probe  dimensions  must  be  small  in  comparison  to  significant 
changes  in  potential  over  the  space  it  occupies. 

(2)  The  current  drawn  by  the  probe  must  not  disturb  the  plasma. 

(3)  There  must  be  no  production  of  electrons  by  impact,  photoemission, 
etc.,  at  the  probe  surface. 

(4)  Contact  potential  differences  must  be  constant. 

(5)  Radio-frequency  fields  must  be  absent  (because  of  the  possibility 
of  exciting  plasma  oscillations). 
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(6)  The  geometry  of  the  probe  arrangement  must  be  clearly  defined. 


Within  the  limitations  imposed  by  these  criteria,  the  Langmuir  probe  has 
been  developed  for  firing  from  a  cannon  and  has  proved  an  elegant  and  powerful 
tool  for  the  study  of  low  pressure  discharges. 

2.4  MEASUREMENT  OF  ELECTRON  ENERGY 


The  most  important  property  of  electrons  in  the  ionosphere,  after  number 
density,  is  their  energy.  When  the  electrons  are  in  thermal  equilibrium  among 
themselves  (but  not  necessarily  in  equilibrium  with  ions  or  neutral  particles^ 
the  energy  distribution  is  Maxwellian  and  can  be  specified  by  a  temperature  T. 


Several  techniques  are  available  for  measurement  of  electron  temperature, 

all  based  on  Langmuir  probe  theory  and  all  capable  of  measuring  the  complete 

energy  distribution.  The  distribution  function  can  be  expressed  in  terms  of 

the  probe  current  density  j  and  voltage  V  in  the  following  way,  due  to 
f  281 

Druyvesteynv 


Ffv  n  .  I  dn_  _  (8m) 1/2  1/2  dfi 

F(V  -  n  dV  -  3/2  V  ,  2 

e  e  dv 

The  second  derivative  can  be  obtained  by  graphical  analysis  of  the  current- 
voltage  curve  but  several  electronic  techniques  are  now  available  which  al¬ 
low  the  function  to  be  obtained  more  conveniently  and  more  accurately.  These 

(29) 

methods  have  recently  been  discussed  generally  by  Branner  et  al. 


A  simple  method  has  been  used  by  Takayama  et  al,  in  which  a  small 

ac  signal  is  superimposed  on  the  sweep  voltage  producing  a  change  in  the  cur¬ 
rent  averaged  with  respect  to  the  ac  signal.  If  i^  is  the  current  into  the 
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probe  at  a  given  retarding  potential  V  then  the  addition  of  an  ac  signal 

o 

VcostLt,  where  I V i  <1 V  I,  increases  the  current  from  i  to  a  new  value 
1  1  1  o'  o 

i  =  i  J  (ieV/kT) 
o  o 

where  J^ieV/kT)  is  the  zeroth  order  Bessel  function  for  a  pure  imaginary 
argument.  Some  value  of  the  function  are  given  in  Table  3. 

TABLE  3 

Values  of  J^(ieV/kl) 

eV/kT  0123  4 

JQ(ieV/kT)  1.000  1.266  2.280  4.881  11.302 

A  measurement  of  the  ratio  of  the  current  with  and  without  the  ac  signal 
present  gives  the  value  of  Jq  and,  since  V  is  known,  leads  immediately  to 
the  electron  temperature  T.  The  frequency  of  the  ac  signal  may  be  in  the 
audio  frequency  or  radio  frequency  range  but  in  any  case  should  be  no  greater 
than  10  percent  of  the  plasma  frequency  in  order  to  avoid  resonance  effects. 

A  more  elaborate  probe  of  this  type  has  been  used  by  Boyd  and  Willmore^^ 
on  the  satellite  Ariel.  Two  small  ac  signals  having  amplitudes  of  50  to 
100  mV  and  frequencies  of  500  cps  and  3  kc/sec  are  added  to  the  normal  sweep 
voltage  of  the  probe.  The  curvature  of  the  current-voltage  characteristic 
produces  components  of  current  to  the  probe  having  frequencies  equal  to  the 
sum  and  difference  of  the  two  applied  ac  signals.  The  components  at  the 
higher  frequency  (3.5  kc/sec)  is  selected  by  a  tuned  amplifier  and  the  depth 
of  modulation  measured.  This  gives  the  ratio  of  the  first  and  second 
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derivatives  of  the  curve  which,  for  the  case  of  a  Maxwellian  distribution  is 
equal  to  the  electron  energy  (in  volts,  if  practical  units  are  used.) 

If  it  can  safely  be  assumed  that  the  electron  energy  distribution  is 
Maxwellian  the  output  of  the  Boyd  instrument  is  available  as  an  analog  out¬ 
put  of  electron  temperature  and  the  information  can  be  transmitted  in  a 
small  bandwidth,  limited  only  by  the  resolution  desired.  Transmission  of 
the  complete  energy  distribution  requires  a  correspondingly  larger  bandwidth. 

The  use  of  the  Langmuir  probe  for  temperature  measurements  is  limited, 
as  noted  earlier  for  electron  density  measurements,  to  altitudes  greater 
than  about  85  km.  It  is  conceivable  that  the  technique  could  be  extended 
to  lower  altitudes  but,  at  present,  no  adequate  theoretical  basis  exists 
for  use  of  the  technique  in  the  main  part  of  the  D  region.  The  electron 
energy  can  be  obtained,  although  less  directly,  from  the  collision  frequency 
of  electrons  with  neutral  particles  using  the  theoretical  expression, 

4  2  8kT  ^ 

v  —  "r  nna  - 

J  jrm 

2 

in  which  n  is  the  number  density  and  na  the  cross  section  of  the  neutral 
particles  and  (8kT/jnn)  is  the  electron  mean  velocity.  Unfortunately  the 
collision  cross-section  is  nut  known  well  enough  nor  the  composition  above 
85  km  to  allow  an  accurate  test  of  the  expression.  It  follows,  however, 
that  the  collision  frequency  for  electrons  with  neutral  particles  should 
be  in  constant  ratio  with  the  collision  frequency  for  neutral  particles 
with  neutral  particles,  given  for  the  1959  ARDC  Model  Atmosphere  in 
Table  1.  Comparison  with  measurements  of  electron  collision  frequency 
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(31) 


shows  that  the  ratio  v  ,  .  ,/v  .  ,  _  . 

electron-neutral  neutral-neutral 


obtained  by  Kane 

has  the  value  of  10  with  an  uncertainty  of  about  50  percent  (i.e.  that  ratio 
lies  within  the  range  5  to  15).  It  seems  that  until  more  observational  mater 
ial  becomes  available  a  useful  model  of  the  electron  collision  frequency  is 
obtained  by  multiplying  the  neutral  particle  collision  frequency  given  in 
Table  1  by  10. 


An  important  point  concerning  the  use  of  electron  collision  frequency 

in  absorption  calculations  has  also  been  noted  by  Kane.  The  value  of  v  in 

the  preceding  discussion  is  strictly  the  collision  frequency  of  electrons 

having  equal  energy.  In  the  ionosphere  the  electrons  almost  certainly  have 

a  Maxwellian  energy  distribution  and  the  Appleton-Hartree  magneto-ionic 

theory  must  be  modified  to  allow  for  this.  It  appears  from  the  work  of 
(32) 

Sen  and  Wyller,  for  example,  that  the  Appleton-Hartree  theory  can  still 

be  used  with  an  effective  collision  frequency,  v.„,  equal  to  1.5v  ,  where 

AH  m 

v  is  the  collision  frequency  of  mono-energetic  electrons.  For  the  most 
m 

accurate  work,  however,  this  approximation  is  not  adequate  and  the  general¬ 
ized  magneto-ionic  theory  must  be  used. 


2 . 5  SUMMARY 


The  nature  and  application  of  the  instrumented  projectile  excluded  the 
use  of  propagation  techniques  though  these  are  better  developed  both  theoret¬ 
ically  and  in  the  practice.  The  probe  techniques  have  come  into  use  relative 
ly  recently  with  notable  success  in  the  E  region  but  with  only  limited 
success  in  the  D  region.  The  two  most  promising  probe  techniques  were  con¬ 
sidered  to  be  the  dc  and  Langmuir  probes  and  the  rf  (capacity)  probe.  The 
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former  was  used  in  this  system  in  preference  to  the  rf  probe  for  two  main 
reasons : 

(1)  The  potential  value  of  the  dc  probe  and  Langmuir  pr-  ,e  in  the 

D  region  has  been  demonstrated  in  several  rocket  flights  whereas  the  capacity 
probe  has  yet  to  be  tried. 

(2)  The  dc  probe  and  Langmuir  probe  are  instrumentally ,  rather  simpler 
than  the  capacity  probe  and  are  more  likely  to  be  successfully  adapted  to 

the  severe  environment  of  the  projectile. 


SECTION  3 


EQUIPMENT  DESIGN 

3. I  ELECTROMETER  AMPLIFIER 

Electronic  circuits  for  both  the  dc  probe  and  the  Langmuir  probe  were 

developed  for  this  program.  It  was  necessary  to  measure  ion  and  electron 

current  over  a  wide  dynamic  range,  starting  at  10  electrons  per  cubic  centi- 

2  3 

meter.  For  an  electrode  area  of  100  cm  ,  a  current  of  10  electrons/cm  cor- 
-9 

responds  to  10  amperes.  An  operational  amplifier  with  a  dynamic  range  of 

5  decades  was  developed  with  a  logarithmic  feedback  element.  The  feedback 

circuit  is  shown  in  Figure  3.  This  shows  a  number  of  diodes  in  series  across 

a  set  of  resistors.  The  theory  of  operation  is  that  a  minimum  current  of 
-9 

10  amperes  flowing  in  the  feedback  loop  will  cause  voltage  to  be  generated 
9 

across  the  10  ohm  value  resistor.  As  the  input  current  increases,  the  volt- 

9 

age  across  the  10  ohm  resistor  increases  and  approaches  the  forward  conduc¬ 
tion  point  of  the  diode  across  it.  The  diode  will  limit  the  voltage  across 
the  resistor  to  approximately  0.5  volts.  As  additional  current  is  placed 

across  the  feedback  network,  the  voltage  will  now  build  up  across  the  next 

8  8 

resistor  in  line;  the  10  ohm  resistor.  When  the  voltage  across  the  10  ohm 

resistor  reaches  0.5  volts,  the  diode  across  it  conducts  and  effectively  shorts 

out  the  resistor.  Each  resistor  in  turn  will  become  part  of  the  feedback  loop 

-4 

until  the  input  current  reaches  10  amperes.  The  output  voltage  at  this  point 

will  equal  2.5  volts.  In  this  manner,  the  output  voltage  will  vary  from  0  to 

-9  -4 

2.5  volts  when  the  input  current  varies  from  10  amperes  to  10  amperes. 


~7 
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Amplifier  feedba 


Figure  4  shows  the  clamping  effect  of  the  diodes.  In  this  test  the  cur- 

- 11  -5 

rents  were  varied  from  10  L  amperes  to  10  amperes  with  the  output  and  points 
A,  B,  C,  D  monitored.  Note  the  diode  clamping  is  logarithmic  rather  than 
linear.  This  effect  serves  to  enhance  and  smooth  the  logarithmic  feature  of 
the  amplifier  outout  voltage  (E  out).  The  curve  remains  logarithmic  from  ap¬ 
proximately  U  amps  to  10  ^  amps.  Above  that  value  additional  input  cur¬ 
rent  is  impressed  across  the  50,000  ohm  resistor  and  the  output  approaches  a 
linear  feedback  characteristic. 


The  design  of  the  amplifier  follows  an  operational  amplifier  technique 
(Figure  5).  The  input  transistors  Q2A  and  Q2B  differential  amplifier  transis¬ 
tors  nre  prec^-'d  by  emitter  followers  Q1A  and  Q1B.  Transistors  of  extremely 
low  current  leakage  are  used  in  this  front  end  to  maintain  a  very  low  input 
leakage  current.  Typical  differential  input  leakage  current  is  approximately 
10  11  amperes.  The  output  of  the  differential  amplifier  is  fed  to  a  second 
differential  amplifier  stage  for  additional  gain,  and  the  output  of  stage  Q3A 
and  Q3B  is  fed  to  a  single  ended  amplifier  Q4.  In  order  to  maintain  a  low  out¬ 
put  impedance,  the  output  of  Q4  is  fed  into  a  complimentary  emitter  follower 
amplifier  Q5  and  Q6.  The  output  of  this  is  fed  to  a  thermistor  resistor  net¬ 
work  . 


The  following  precautions  were  taken  in  order  to  limit  drift  in  the  ampli¬ 
fier  : 

(1)  The  transistors  in  the  front  end  differential  stages  are  matched  pairs 
with  each  pair  enclosed  in  a  single  case. 

(2)  Precision  resistors  are  used  wherever  changes  in  resistance  charac¬ 


teristics  may  cause  drift. 
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inure  4.  Amplifier  feedback  characteristics. 


(3)  The  dc  open  1.  ,p  gain  is  large  to  make  gain  variations  an  insignifi¬ 
cant  portion  of  the  drift. 

The  amplifier  operates  over  the  temperature  range  of  0  to  +65°C  for  a 
full  five  decade  current  input  with  a  drift  of  less  than  +100  millivolts. 

This  corresponds  to  an  accuracy  of  greater  than  1/4  decade.  The  closed  loop 
amplifier  frequency  response  is  shown  in  Figure  6. 

3.2  RAMP  GENERATOR 

The  Langmuir  probe  (ac  probe)  consists  of  an  electrometer  amplifier  plus 
a  ramp  generator  to  provide  a  saw-tooth  ramp  to  the  probe.  (See  Figure  7). 

The  ramp  generator  which  is  placed  in  a  series  with  the  probe  and  the  ampli¬ 
fier  has  an  independent,  isolated  battery  power  supply.  It  generates  a  saw¬ 
tooth  wave  form  that  varies  from  minus  2.7  volts  to  plus  2.7  volts  as  shown 
in  Figure  8.  This  has  the  effect  of  placing  a  variable  voltage  across  the 
probe  to  measure  electron  and  ion  currents  and  allow  for  the  measurement  of 
electron  temperature. 

The  ramp  generator  circuit  is  shown  in  Figure  9.  It  consists  of  Q2,  a 
unijunction  transistor  oscillator,  with  a  constant  current  source  generated 
by  Q1  for  a  linear  saw-tooth  wave  form,  and  two  emitter  followers,  Q3  and  Q4, 
for  low  output  impedance. 

The  linearity  of  the  output  saw-tooth  wave  form  from  the  ramp  generator 
circuit  was  measured  using  the  system  in  Figure  10.  The  system  operates  in 
the  following  manner.  The  ramp  generator  output  voltage  varies  from  -2.5  to 

+2.5  volts.  When  the  ramp  voltage  is  -2.5  volts,  it  activates  P-65  Amplifier 
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Figure  b.  Amplifier  gain  characteristics. 
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Figure  7.  Langmuir  probe  electronics. 
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Figure  10. 


Sawtooth  waveform  measuring  equipment. 
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No.  1  and  a  start  pulse  is  sent  to  the  Hewlett  Packard  Counter.  The  EDC  vari¬ 


able  precision  voltage  power  supply  is  preset  to  any  voltage.  When  the  ramp 
generator  output  equals  this  voltage,  P-65  Amplifier  No.  2  sends  a  stop  pulse 
to  the  Hewlett  Packard  Counter,  and  the  time  interval  between  the  start  and 
stop  pulse  is  read  on  this  counter.  Figure  11  shows  the  curve  obtained  by 
varying  the  precision  voltage  source  from  -2.5  volts  to  +2.5  volts  and  measur¬ 
ing  the  different  time  intervals.  As  can  be  seen,  the  linearity  of  this  curve 
is  better  than  +1/4  percent  of  full  scale  as  measured  from  a  straight  line. 

3.3  COMPONENT  EVALUATION 

Once  the  electronic  amplifier  and  ramp  generator  circuits  were  established 
a  program  to  obtain  components  rugged  enough  to  withstand  the  severe  mechanical 
environment  was  initiated.  The  selection  of  components  was  based  on  those  com¬ 
ponents  that  had  a  small  mass,  a  rugged  construction,  and  were  either  all  solid 
or  capable  of  being  made  into  a  solid  structure.  For  example,  carbon  composi¬ 
tion  resistors  were  selected  for  they  are  of  solid  mass.  Transistors  in  T05 
cans  were  used.  Prior  to  their  use,  the  top  of  the  transistor  can  was  removed 
and  the  transistor  was  filled  with  a  solid  epoxy.  Solid  ceramic  chip  transis¬ 
tors  were  also  used  with  no  modification. 

The  components  selected  were  tested  in  lots  of  a  minimum  of  twelve  units 
each.  The  units  were  mounted  on  glass  epoxy  boards  1.8  inches  in  diameter  and 
encapsulated  into  cylinders.  These  cylinders  were  then  mounted  inside  the 
shell  of  a  5-inch  cannon,  and  the  shell  was  fired  into  a  block  of  lead.  The 
acceleration  from  the  cannon  was  in  the  order  of  1000  G's.  When  the  modules 
impacted  the  block  of  lead,  they  received  a  deceleration  of  up  to  60,000  G's. 

4$ 
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Figure  12  shows  a  petted  amplifier  ready  to  be  placed  in  the  cannon 
shell  for  tests. 

The  modules  were,  test  ’  a  minimum  of  three  times  in  this  manner.  If  more 
than  one  of  twelve  components  in  each  type  tested  failed  to  survive  after  three 
tests,  the  component  type  was  eliminated  from  further  use.  Thus,  by  a  careful 
test  program  and  rigid  acceptance  procedures,  a  high  confidence  level  was  es¬ 
tablished  in  the  development  of  the  gun  launched  probe. 

The  following  list  is  a  tabulation  of  components  fired  and  the  test 
results. 
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ITEM 

Hi  G  TEST  NO. 

QUANTITY 

RESULTS 

Motorola  Unijunction 

2N3480  Chip  Transistor 

2 

3 

All  Sat  is  fat  tor. 

TI  UNI  SJ993 

4 

4 

3  Satisfactory 

TO-18  Potted 

1  Failed 

Unitrode  VZ807 

2 

8 

4  Satisfactory 

7V  Zener  Diode 

4  Failed 

North  American  Electronics 

2 

9 

6  Satisfactory 

12V  Zener  Diode 

3  Failed 

Components  Inc. 

Minitan  Capacitors 

Y102A  O.OOluf  at  20V 

2 

12 

S22  22uf  at  15V 

2 

12 

L10  lOuf  at  20V 

2 

12 

All  Satisfactory 

G106R  10uf  at  15V 

2 

6 

G106  lOuf  at  15V 

2 

6 

National  Semiconductor 
2N3547  PNP  Microtransistor 

2 

5 

All  Satisfactory 

Motorola 

PNP  Microtransistor 

9 

4 

All  Satisfactory 

Fairchild 

2 

12 

4  Satisfactory 

L930  Dual  Gate 

Flat  Pack 

8  Failed 

Fairchild 

3 

5  Potted 

All  Satisfactory 

pL903  Gate 

3 

6  Unpotted 

3  Satisfactory 

TO-5 

3  Failed  (all  on 
same  board) 

Fairchi Id 

3 

4  Potted 

2  Satisfactory 

pA702  Amplifier 

by  Mfg. 

2  Failed  1st  Hi  G 

TO-5 

3 

8  Potted 

Test 

7  Satisfactory 

by  GCA 

1  Broken  in  Lab. 
Accidentally 

11  Unpocted 

All  Satisfactory 

Fairchild 

2 

2  Units 

All  Satisfactory 

2N3277 

TO-18  Potted 

Field  Effect  Transistor 

by  GCA 

“7 


TYPE 

No.  UNITS 

No.  TESTS 

RESULTS 

National  Semiconductor 

NS  700 

Chip  Transistor 

6  Dual 

3 

All  Satisfactory 
After  Test  2.  All 
breaking  down  at 
low  voltage  after 
Test  3* 

Amelco  2N2453 

Transistor 

12  Dual  Units 

1 

11  Failed 

Sperry  2N2590 

Transistor  (case 
potted  by  GCA) 

14 

3 

1  Failed  on  Test 

2.  All  o-her  sat¬ 
isfactory  after 
Test  3. 

Cont.  Device  2N2480 
Transistor 

12  Dual 

1 

7  Halves  Failed 

Cont.  Device  2N1711 
Transistor 

12 

1 

2  Failed 

Sperry  P21C312  NPN 
Transistor  (case 
potted  by  GCA) 

10 

3 

All  Satisfactory 

GE  2N490  Unijunction 
Transistor 

6 

1 

All  Failed 

GE  2N490  Unijunction 
Transistor  (case 
potted  by  GCA) 

11 

1 

9  Failed 

NS  7070  Transistor 

3  Dual 

1  Half 

4 

All  Satisfactory 

NS  7070  Transistor 

10  Dual 

3  Halves 

3 

All  Satisfactory 

Sperry  2N2602  Transistor 
(case  potted  by  GCA) 

6 

3 

All  Satisfactory 

Crystalonics  PNP  Transistor  8 
(case  potted  by  GCA) 

3 

All  Satisfactory 

Crystalonics  PNP  Transistor  10 
(case  potted  by  GCA) 

2 

All  Satisfactory 
after  Test  1.  One 
Failed  Test  2. 
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TYPE 


No.  UNITS 


No.  TESTS  RESULTS 


GE  2N2040  Unijunction  5 

Transistor  (case  pot¬ 
ted  by  GCA) 


TI  Unijunction  9 

Transistor  (case 
potted  by  GCA) 

Uni  2N3480 

Motorola  MU970  Trans-  9 

istor  (case  potted) 

GE  2N2646  Unijunction  5 

Transistor  (case  potted) 

GE  2N2647  Unijunction  6 

Transistor  (case  potted) 

1  AC6.8  6.8V  Zener  Diode  9 

AM308A  Diode  CAMO  10 

Ve co  Thermistors 

10  meg  6 

8  K  6 


Fenwall  Thermistors 

10  meg  6 

8  K  6 

Allen-Bradley  1/2  watt 

10^-2  Carbon  Comp.  Resistor?  14 

Resistance  Products  12 

Corp.  Resistors 
10^-2  Carbon  Film 


4  All  Satisfactory 

after  Test  i;  one- 
degraded  after  Test 
2  but  still  oper¬ 
ating. 

4  units  satisfactor 
after  Test  4. 

1  3  Failed 


3  All  Satisfactory 

1  All  Failed 


1  1  Failed 


1  4  Failed 

1  All  Failed 


4  5  Satisfactory 

1  open  after  Test 

4  All  Satisfactory 

after  Test  2.  Aftt. 
3,  2  units  reading 
2-3x  hi  in  value. 


4  All  Satisfactory 

4  All  Satisfactory 

3  All  Satisfactory 

3  1  Failed  Test  3 

(opened) 


ro 


TYPE  NO. 

UNITS 

NO.  UNITS 

RESULTS 

Electra  RN60D  IK 

Resistors 

14 

3 

All  Satisfactory 

IRC  100  Meg  107. 

1/2  watt  carbon 

12 

1 

All  Satisfactory 

Resistors 

Metohm  RN60C  470?t 

Resistors 

6 

1 

1  Open 

Metohm  RN55C  470n 

Resistors 

6 

1 

4  Open 

ACI  4.99K  RN60C 

Resistors 

24 

3 

All  Satisfactory 

Allen  Bradley 

1/8  watt  57.  carbon 
comp.  220-2 

10 

2 

All  Satisfactory 

100M 

10 

2 

All  Satisfactory 

Sprague  1550 

15uf  at  20V  Capacitors 

10 

1 

3  Failed 

Vitramon  VK30CW  (mini¬ 
ature  ceramic)  0.001  uf 
Capacitors 

6 

3 

All  Satisfactory 

0.001  uf 

6 

3 

All  Satisfactory 

ITT  2uf  Capacitor 

1? 

1 

All  Failed 

Corning  CY20C  Capacitor 

12 

3 

All  Satisfactory 

Dervax  0.01  uf  Capacitor 

12 

3 

All  Satisfactory 

Minitan  Corp.  Capacitors 

0. 22uf  at  35V 

12 

1 

All  Satisfactory 

0.22  uf  at  20V 

12 

3 

All  Satisfactory 

22uf  at  10V 

12 

3 

3  Failed  Test  1 

1  Failed  Test  2 

Dervax  Miniature  Electro¬ 
lytic  Capacitors  25uf  at 

15V 

12 

3 

All  Satisfactory 

*;o 


TYPE 


NO.  UNITS 


NO.  TESTS 


RESULTS 


3.4  COMPONENT  PREPARATION 


Component  preparation  and  potting  of  assemblies  was  a  very  important  op¬ 
eration  in  producing  reliable  assemblies.  Components  having  voids  as  part  of 
its  makeup  such  as  transistors  in  TO-5  cans  were  modified  by  opening  the  cans 
and  filling  the  voids  with  an  epoxy  resin. 

This  operation  is  quite  important  since  transistor  junctions  exposed  to 
air  will  degrade  rapidly  if  not  isolated  from  the  gases  in  the  atmosphere. 

The  process  used  to  encapsulate  the  transistor  after  the  cases  were 
opened  is  as  follows: 

(1)  Immediately  after  the  cases  are  cut  open,  the  transistor  chip  is 
coated  with  Dow  Corning  Type  644  junction  coating  resin.  A  thoroughly  cleaned 
glass  rod  and  a  minimum  amount  of  resin  is  used.  The  resin  is  applied  to  the 
clear  area  and  is  allowed  to  flow  over  the  junction. 

(2)  The  transistor  is  baked  at  50°C  for  4  to  6  hours. 

(3)  Equal  parts  (by  weight)  of  silica  and  Epon  815  are  mixed  together 
and  baked  15  minutes  at  150°F  (65.5°C). 

(4)  The  mixture  is  reweighed  and  8  to  12  parts  per  hundred  weight  of 
resin  of  DTA  or  10  to  14  parts  per  hundred  weight  of  TETA  are  added.  The 
smallest  practical  amount  of  resin  is  used  to  reduce  effects  of  exothermic 
reaction  and  mixed  thoroughly. 

(5)  The  mixture  is  evacuated  for  approximately  1  to  3  minutes  after  the 
mixture  collapses  at  30  inches  of  mercury. 

(6)  A  minimum  amount  of  resin  is  used  to  form  a  thin  coating  over  the 
chip  and  leads. 
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(7)  After  the  coating  is  completely  cured, 


second  batch  of  tin 


a  :m 


mixture  is  used  to  fill  the  transistor  case- 

3.5  ASSEMBLY  AND  POTTING  PROCEDURE 


The  final  unit  is  assembled  on  printed  circuit  cards  in  either  a  flat 
board  or  cordwood  construction.  This  circuit  is  placed  in  a  metal  mold  and 
filled  with  a  resin  containing  hollow  silica  micro  balloons  that  gives  the 
resin  a  very  low  specific  gravity  (0.72)  and  a  low  viscosity.  After  filling, 
a  final  casting  dimension  tolerance  of  ±.002  inches  is  maintained.  Tit i s  pot¬ 
ting  procedure  is  as  follows: 

(1)  A  small  batch  of  1090S1  is  mixed  and  evacuated  for  approximately  2 
to  3  minutes  after  mix  collapses  at  30  inches  of  mercury. 

(2)  A  thin  coating  is  poured  slowly  over  the  amplifiers  being  careful 
that  all  components,  especially  the  transistor,  are  completely  surrounded  with 
the  potting  material.  The  mixture  is  evacuated  for  2  to  3  minutes  at  30  inciu 
of  mercury  and  allowed  to  cure  at  room  temperature  for  8  to  12  hours  until  tht 
resin  is  hardened. 

(3)  The  coated  amplifier  is  assembled  with  the  ramp  generator  together 
with  an  end  plate  such  tnat  the  top  terminal  board  and  end  plate  are  90°  to 
one  another.  A  number  is  scribed  on  top  terminal  board  and  end  plate  so  that 
units  can  be  identified  after  potting.  A  "G"  switch  is  installed  at  this  t i m* 

(4)  1090S1  slugs  and  blocks  are  banded  to  assembled  unit  to  fill  empty, 
spaces.  This  lowers  the  volatile  mass  and  reduces  the  exothermic  reaction  I 
a  minimum. 

(5)  Prior  to  installing  assembly  in  mold  the  mold  is  cleaned  and  washed 
with  tr ichlorethylene  and  sprayed  with  a  teflon  coating  for  easy  release. 
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(6)  A  batch  of  1090S1  is  mixed  to  half  fill  the  mold  and  evacuated  2  to 


3  minutes  after  the  mix  collapses. 

(7)  The  mixture  is  poured  very  slowly  until  mold  is  half  filled,  taking 
caution  not  to  entrap  air  bubbles. 

(8)  Hie  mold  is  evacuated  again  for  approximately  2  minutes  at  30  inches 
of  mercury  until  bubble  activity  decreases  substantially. 

(9)  The  mold  is  allowed  to  cure  at  room  temperature  for  2  to  3  hours, 
until  the  resin  begins  to  harden.  At  this  stage  the  chemical  change  (exotherm) 
is  80  to  90  percent  completed. 

(10)  The  above  process  is  repeated  filling  mold  to  1/2  inch  above  ampli¬ 
fiers.  The  final  unit  is  allowed  to  cure  16  to  20  hours  before  removing  from 
the  mold. 

(11)  After  curing,  the  unit  is  faced  off  to  the  desired  length. 
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SECTION  4 


FLIGHT  TESTS 

Three  Martlet  II  projectiles  were  fired  from  the  Harp  16 r  inch  gun 
(Figure  13)  at  Barbados,  West  Indies,  during  the  May  -  June,  1965  test 
series.  These  projectiles  were  instrumented  with  the  BRL  1,750  sec  telemetr. 
system  and  GCA  probe  sensors.  The  rounds  were  BRUTUS  (dc  probe)  and  IRE  and 
JANUS  (ac  Langmuir  probes).  Figure  14  shows  a  projectile  prior  to  firing. 

The  ion  and  electron  density  measurement  payloads  consisted  of  a 
1,750  Kc/sec  FM  transmitter,  two  subcarrier  oscillators,  a  commutator,  the 
Langmuir  probe,  a  flush  resonant  cavity  antenna,  battery  pack,  and  acceler¬ 
ation  switch,  an  aspect  magnetometer  to  measure  spin  rate  and  altitude,  and 
sensors  to  measure  on-board  temperatures. 

The  signals  were  received  from  the  rounds  BRUTUS  and  IRE  for  240  and 
233  seconds  respectively,  with  some  breaks  in  the  received  signal  record.  A 
continuous  signal  was  received  from  round  JANUS  for  210  seconds,  with  no 
breaks  in  the  record.  The  signals  from  all  rounds  ceased  on  descent  prior 
to  impact  probably  due  to  cutoff  of  the  transmitter  from  aerodynamic  heating 
defects.  Angle  tracking  data  were  obtained  with  the  modified  GMD  tracking 
unit  during  two  of  the  three  Martlet  II  firings.  The  tracking  unit  was 
inoperative  during  the  third  firing  due  to  a  circuit  breaker  failure. 

4 . 1  BRUTUS 

BRUTUS  contained  a  dc  probe  using  a  nose  tip  electrode  at  a  fixed 
potential  of  +2.7  volts.  Excellent  data  was  received  ontinuously  from  T+3 
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Figure  13.  16-j.nch  gun. 


Figure  14.  Projectile  prior  to  firing. 
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seconds  to  T+115  seconds,  intermittently  from  T+195  seconds  to  T+218  seconds, 
and  then  continuously  from  T+222  seconds  to  T+240  seconds.  The  maximum 
altitude  of  the  projectile  was  120  km.  The  variation  of  probe  current  with 
time  for  this  shot  is  shown  in  Figure  15.  This  shows  the  current  decreasing 
in  the  first  50  seconds  of  the  flight.  The  reason  for  the  presence  of  this 
current  is  not  understood.  It  may  be  a  leakage  current  caused  by  contamin¬ 
ation  of  the  insulator  or  possibly  by  moisture  absorbed  by  the  insulator. 

In  either  case  it  is  presumed  that  the  leakage  would  continue  to  decay  ex¬ 
ponentially  at  a  rate  given  by  the  interval  T+18  to  T-t-33  seconds.  This 
extrapolated  leakage  current  is  then  subtracted  from  the  observed  current  to 
give  the  current  due  to  collection  of  ambient  electrons  by  the  probe.  The 
current,  corrected  for  leakage,  is  plotted  in  Figure  16  against  altitude. 

The  leakage  correction  is  negiigiole  above  70  km.  The  figure  also  shows  a 
profile  obtained  using  a  similar  probe  on  a  Nike  Apache  rocket.  The  rocket 
probe  current  has  been  increased  by  a  factor  of  six  to  allow  for  the  differ¬ 
ence  in  surface  area  of  the  two  probes.  The  agreement  between  the  two 
profiles  is  excellent  between  58  km  and  92  km.  The  disagreement  of  the  low¬ 
est  altitude  is  attributed  to  the  large  error  introduced  by  the  leakage 
current  in  the  case  of  the  gun  probe.  Above  92  km  the  gun  prcbe  current  is 
lower  than  that  of  the  rocket.  This  can  probably  be  interpreted  as  an  effect 
of  outgassing  of  the  projectile.  The  accumulation  of  gas  around  the  electrode 
is  made  possible  by  the  low  velocity  of  the  projectile  near  apogee.  The 
somewhat  larger  values  of  probe  current  on  descent  support  this  view  (the 
rate  of  outgassing  presumably  decreases  with  time).  It  has  been  observed 
that  deliberate  release  of  gas  from  a  rocket  payload  reduces  the  current 
to  a  similar  level.  This  problem  could  possibly  be  greatly  reduced  on 
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Figure  16.  Flight  characteristics 


future  gun  shoes  by  decreasing  the  elevation  level  of  the  gun  at  launch. 

This  will  increase  the  total  velocity  of  the  projectile  near  apogee  by  add¬ 
ing  an  appreciable  horizontal  component, 

4.2  IRE  AND  JANUS 

Both  shots  use  the  same  type  nose  tip  electrode  as  BRUTUS  but  in  loth 
cases  the  normal  Langmuir  probf-  mode  of  operation  was  used.  The  perential 
of  the  electrode  was  swept  between  -2.7  volt  and  +2.7  volts.  The  sweep 
duration  was  0.5  second  and  was  repeated  twice  per  second.  The  analog  volt¬ 
age  representing  probe  current  was  transmitted  over  two  channels  of  telemetry. 
One  channel  was  continuous  information  the  other  was  a  sampling  rate  of  six 
samples  per  second  or  three  samples  per  sweep.  The  commutator  was  not 
synchronized  with  the  sweep  generator.  These  flights  were  marred  by  in¬ 
strumentation  difficulties  and  no  reliable  scientific  data  was  obtained. 

A  good  telemetry  signal  was  received  on  shot  IRE  from  T+l  second  to 
T+75  seconds,  then  at  T+92  seconds  for  six  seconds  and  T+109  seconds  for 
four  seconds;  finally,  a  6-second  period  from  T+226  seconds.  The  data  was 
confined  to  the  commutated  channel.  This  shot  shows  the  same  leakage  effect 
in  the  early  part  of  the  flight  as  was  observed  on  BRUTUS.  The  leakage 
decays  more  rapidly  however,  and  minimum  current  is  observed  at  T+33  seconds. 
After  about  T+65  seconds  the  effect  of  the  sweeping  voltage  can  be  recognized 
showing  that  the  sweep  circuit  was  operating  at  that  time.  However  prior  to 
that  time  no  variation  in  current  corresponding  to  the  variation  of  potential 
can  be  detected.  This  throws  some  doubt  on  the  interpretation  of  the  current 
in  the  first  30  seconds  as  being  leakage. 
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The  telemetry  signal  from  shot  JANUS  was  good  from  T+5  seconds  to  H_08 
seconds.  Again  only  the  commutated  channel  gave  data.  The  probe  current 
was  zero  for  the  whole  duration  of  the  telemetry  signal. 
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SECTION  5 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  performance  of  the  probes  flown  in  the  HARP  firings  in  Barbados, 
British  West  Indies,  in  May  and  June  1965,  demonstrates  the  feasibility  of 
electron  density  profile  measurements  with  a  gun  probe.  There  is  generally 
good  agreement  in  the  65  to  110  killometer  region  with  previous  probe  profiles 
obtained  using  the  rocket  launch. 

The  instruments  used  to  perform  this  measurement  were  the  dc  probe  and 
the  Langmuir  probe.  The  dc  probe  and  the  Langmuir  probe  has  proved  to  be  a 
very  valuable  instrument  for  performing  measurements  in  the  ionosphere  when 
fired  from  a  cannon.  These  probes  are  very  simple  in  construction  requiring 
a  minimum  of  electronics  and  very  simple  mechanical  nose  tip  construction. 

The  greatest  advantage  of  the  instruments  as  they  have  been  developed  is  the 
ability  to  resolve  fine  structure  in  the  ionosphere. 

Recommendations  for  future  work  would  include  a  sub-miniaturization  of 
the  instrument  to  allow  its  launch  from  a  5-inch  gun.  It  is  felt  that  this 
probe  could  be  reduced  in  size  from  its  present  2  1/2-inch  diameter,  3-inch 
height  to  a  1  1/2-inch  diameter  cylinder  by  1/2-inch  height.  This  reduction 
in  size  would  allow  for  parachute  launches  as  well  as  standard  type  launches 
from  the  5- inch  gun. 

An  investigation  of  the  high  leakage  phenomena  occurring  for  the  first 
thirty  seconds  to  one  minute  after  launch  should  be  pursued  to  determine 
whether  these  high  leakage  effects  are  atmospheric,  mechanical,  electronic, 
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or  a  combination  of  all  three. 

A  correlation  of  the  effects  of  high  acceleration  for  varying  periods 
of  time  should  be  performed.  For  example,  the  acceleration-time  character¬ 
istics  vary  from  50,000  g's  for  approximately  3  milliseconds  for  the  7-inch 
gun  to  10,000  g's  for  up  to  100  milliseconds  for  the  16-inch  gun.  At  the 
present  time  sufficient  data  is  not  available  to  correlate  these  effects  on 
electronic  components  and  packaging  techniques. 
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